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Licochalcone (LC), a major phenolic retrochalcone from licorice, has anti-inflammatory activity. This 
study investigated the effects of licochalcone A (LCA) and licochalcone E (LCE) on Liver X receptor-a 
(LXRa)-mediated lipogenic gene expression and the molecular mechanisms underlying those effects. 
LCA and LCE antagonized the ability of LXRa agonists (T0901317 or GW3965) to increase sterol regu- 
latory element binding protein- lc (SREBP-lc) expression and thereby inhibited target gene expression 
(e.g., FAS and ACC) in HepG2 cells. Moreover, treatment with LCA and LCE impaired LXRa/RXRa- 
induced CYP7Al-LXRE-luciferase (CYP7A1) transactivation. The AMPK-Sirtl signaling pathway is an 
important regulator of energy metabolism and, therefore, a potential therapeutic target for metabolic dis- 
eases, including hepatic steatosis. We found here that LCE increased AMPK phosphorylation and Sirtl 
expression. We conclude that LC inhibits SREBP-lc-mediated hepatic lipogenesis via activation of the 
AMPK/Sirtl signaling pathway. 
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INTRODUCTION 

Liver X receptor-a (LXRa), a member of the nuclear 
receptor superfamily, binds to the DR-4 motif known as the 
LXR response element (LXRE) in its target genes and acts 
as an important regulator of cholesterol, fatty acids, and bile 
acids (1). LXRa increased the efflux of free cholesterol as 
well as nascent and mature HDL through upregulation of 
the ATP binding cassette (ABC) sterol transporters, such as 
ABCA1 and ABCG1 (2). Activation of LXRa, however, is 
associated with increased lipogenesis, hypertriglycemia, and 
fat accumulation through de novo fatty acid synthesis in the 
liver due to the LXRa-induced increase in the expression of 
lipogenic genes, such as fatty acid synthase (FAS), acetyl- 
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CoA carboxylase (ACC), and stearoyl-CoA desaturase-1 
(SCD-1) (3). Sterol regulatory element binding protein-lc 
(SREBP-lc) is an essential transcription factor for lipo- 
genic gene expression (4). SREBP-lc is fundamental to the 
pathogenesis of metabolic diseases, including hepatic ste- 
atosis, and has been suggested as a potential therapeutic tar- 
get (5). 

Licorice root from Glycyrrhiza inflata (G inflata) has 
been used in traditional and herbal medicines. This species 
contains unusual phenolic compounds, called retrochalcones, 
which include licochalcone A to E and echinatin. Licochal- 
cone A (LCA; Fig. 1A upper panel) has been demonstrated 
to have a variety of pharmacological activities, including 
anti-bacterial, anti-cancer, and anti-inflammatory activities 
(6-9). Licochalcone E (LCE; Fig. 1A lower panel) has 
recently been isolated and characterized from G inflata 
(10). The pharmacological efficacy of LCE has been stud- 
ied extensively. Anti-diabetic (11), anti-inflammatory (12), 
and cytotoxic effects (13) have been reported for LCE. 
Moreover, recent report showed the anti-lipogenic effect of 
LCA in HepG2 cells and mice fed on high fat diet (14). 
They showed that the basal expression levels of lipogenic 
gene were decreased by LCA in HepG2 cells. In addition, 
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Fig. 1. The effects of LCA and LCE on cytotoxicity. (A) Chemical structure of licochalcone A (LCA) and licochalcone E (LCE). (B) MTT 
assays for cell viability. The effect of LCA or LCE (0-10 uJvl, 12 hr treatment) on cell viability was assessed using MTT assays. 



LCA attenuated high fat diet-induced fat accumulation in 
the mice. However, the effects of LCA and LCE on LXRa- 
activated lipogenic gene expression and the role of AMP- 
activated protein kinase (AMPK) and sirtuin 1 (Sirtl) have 
not yet been investigated. 

The AMPK/Sirtl signaling pathway is well established as 
a key sensor of energy status and an important regulator of 
glucose and lipid metabolism, therefore making this path- 
way a promising therapeutic target for both aging (15) and 
metabolic diseases, including diabetes, obesity, and hepatic 
steatosis (16). Many natural compounds, like resveratrol 
and berberine, also activate the AMPK/Sirtl signaling path- 
way and have beneficial effects on lipid metabolism and 
insulin sensitivity (17,18). 

Thus, the purpose of this study was to investigate if LCA 
and LCE could inhibit LXRa-dependent lipogenic gene 
expression in hepatocytes and, if so, the molecular mecha- 
nism. The results of the current study show that LCA and 
LCE do impair LXRa-mediated SREBP-lc expression and 
thereby inhibit SREBP-lc target gene expression. More- 
over, treatment with LCA and LCE attenuated LXRoc- and 
Retinoid X Receptor-a (RXRa)-activated LXRE transacti- 
vation. Our results demonstrate that LC increased AMPK/ 
Sirtl activity, which contributes to the inhibition of LXRa- 
mediated hepatic lipogenesis. 

MATERIALS AND METHODS 

Materials. Anti-SREBP-1 (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), anti-(3-actin GW3965 (Sigma, St. 
Louis, MO, USA), and anti-Sirtl (Novus, Littleton, CO, 
USA) antibodies as well as anti-FAS, anti-ACC, anti- 
pAMPK, and anti-AMPK antibodies (all from Cell Signal- 
ing, Beverly, MA, USA) were used for experiments. 



T0901317 (T090) was purchased from Calbiochem (San 
Diego, CA, USA). LCA and LCE were kindly donated 
from Dr. SH Cheon (Chonnam National University). 

Cell culture and treatment HepG2 cells were obtained 
from ATCC (American Type Culture Collection, Manassas, 
VA, USA). Primary hepatocytes were isolated from male 
ICR mice. Cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM) containing 10% fetal bovine serum (FBS, 
Hyclone, Logan, UT, USA) and 50 units/ml penicillin/strep- 
tomycin at 37°C in a humidified atmosphere with 5% C0 2 . 
Cells were plated at 1 x 10 5 per well in six- well plates, and 
wells were used when the cells were 70-80% confluent. LCA 
or LCE (0-10 jliM), dissolved in dimethylsulfoxide (DMSO), 
was added to cells and incubated at 37°C for the indicated 
time period. The final concentration of DMSO in culture 
medium did not exceed 0.1% (v/v) to minimize solvent 
effects. Control cells were treated with equivalent volumes 
of DMSO alone. Cells were washed twice with ice-cold 
phosphate-buffered saline (PBS) before sample preparation. 

Primary hepatocyte isolation. Primary hepatocytes were 
isolated and cultured as described previously (19). Briefly, 
ICR mice were anesthetized with Zoletil (Virbac, France), 
and the portal vein was cannulated under aseptic condi- 
tions. The livers were perfused in situ with Ca 2+ -free Hank's 
balanced saline solution (HBSS) at 37°C for 5 min. The liv- 
ers were then perfused for 5 min with HBSS containing 
0.05% collagenase and Ca 2+ at a perfusion flow rate of 
10 ml/min. After perfusion, the livers were minced gently 
with scissors and resuspended in sterilized PBS. The cell 
suspensions were then filtered through cell strainers and 
centrifuged at 50 xg for 5 min to separate parenchymal and 
nonparenchymal cells. The viability of isolated hepatocytes 
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estimated by trypan blue staining was usually 80-90%. Iso- 
lated hepatocytes were plated on collagen-coated plates and 
cultured in DMEM containing 50 units/ml penicillin/strep- 
tomycin and 10% FBS. 

MTT cell viability assay. To measure cytotoxicity, HepG2 
cells were plated at a density of 1 x 10 5 cells/well in 48-well 
plates and treated with LCA or LCE (0-10 uM, 12 hr). 
After treatment, viable cells were stained with MTT (0.2 mg/ 
ml, 4 hr). The media were then removed, and the formazan 
crystals produced in the wells were dissolved in 200 ml of 
DMSO. The absorbance at 540 nm was measured using 
an enzyme-linked immunosorbent assay microplate reader 
(SpectraMAX, Molecular Devices, Sunnyvale, CA, USA). 
Cell viability was defined relative to the untreated control 
[i.e., viability (% control) = 100 x (absorbance of treated 
sample)/(absorbance of control)]. 

Immunoblot analysis. SDS-polyacrylamide gel electro- 
phoresis and immunoblot analyses were performed accord- 
ing to previously published procedures (20). The protein of 
interest in cell ly sates was isolated using a 7.5% gel electro- 
phoresis and then electophoretically transferred to nitrocel- 
lulose paper. After blocking, membranes were incubated 
with antibodies against SREBP-1 at a dilution of 1 : 1000 at 
4°C overnight, followed by further incubation with a sec- 
ondary antibody (1 : 5000). Immunoreactive protein was 
visualized using an ECL chemiluminescence detection kit 
(Amersham Biosciences, Buckinghamshire, UK). Equal load- 
ing of proteins was verified by Coomassie blue staining of 
gels and (3-actin immunoblotting. 

RNA isolation and real-time RT-PCR analysis. Total 
RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer's instructions. To 
obtain cDNA, total RNA (1 jug) was reverse-transcribed 
using an oligo(dT) 18 primer to obtain cDNA. The cDNA 
was amplified using a high capacity cDNA synthesis kit 
(Bioneer, Daejon, Korea) in a thermal cycler (Bio-rad, Her- 
cules, CA, USA). Real-time PCR was performed with Ste- 
pOne™ (Applied Biosystems, Foster City, CA) using a 
SYBR® Green premix according to the manufacturer's 
instructions (Applied Biosystems). The following primer 
sequences were used: human SREBP-lc, 5'-CGACATC- 
GAAGACATGCTTCAG-3' (sense) and 5'-GGAAGGCT- 
TCAAGAGAGGAGC-3' (antisense). The relative levels of 
PCR products were determined using the threshold cycle 
value. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was used as the reference gene for normalization. Melting 
curve analysis was performed after amplification to verify 
the accuracy of the amplicon. 

Transient transfection and reporter gene assay. The 

luciferase reporter plasmid TK-CYP7a-LXRE(X3)-LUC, 



which contains three tandem copies of the sequence (5'- 
GCTTTGGTCACTCAAGTTCAAGTTA-3') from the rat 
Cyp7al gene, and the overexpression vector for LXRa 
were described previously (20). To determine the luciferase 
activities, we used the dual-luciferase reporter assay system 
(Promega, Madison, WI, USA). Briefly, HepG2 cells were 
replated in 12- well plates overnight, serum-starved for 6 hr, 
and transiently transfected with LXRa, RXRa, TK-CYP7a- 
LXRE(X3)-LUC, and pRL-TK plasmid, which encodes for 
Renilla luciferase and is used to normalize transfection effi- 
cacy, in the presence of Lipofectamine® Reagent (Invitro- 
gen, San Diego, CA, USA) for 3 hr. Transfected cells were 
further incubated in DMEM containing 1% FBS for the 
indicated time periods. 

Statistical analysis. One-way analysis of variance 
(ANOVA) was used to assess the statistical significance of 
differences among treatment groups. For each statistically 
significant treatment result, the Newman-Keuls test was 
used for comparisons between multiple group means. The 
data were expressed as means + SEM. 

RESULTS 

The inhibition of LXRa-mediated SREBP-lc expression 
by LCA or LCE treatment. Colorimetric MTT assays were 
performed to evaluate the cytotoxicity of LCA or LCE 
treatment. Because no cytotoxicity was observed with LCA 
or LCE treatment up to 10 uM for 12 hr in HepG2 cells 
(Fig. IB), 10 jliM was used as the maximum concentration 
for in vitro studies. Next, the LXRa synthetic agonist 
T0901317 (T090) and GW3965 compound were used to 
investigate the effect of LCA and LCE on LXRa-induced 
lipogenic gene expression. T090 treatment increased SREBP-1 
expression. However, LCA or LCE pretreatment markedly 
inhibited T090-induced SREBP-lc (Fig. 2A). In addition, 
GW3965, another synthetic LXRa agonist, induced SREBP- 
lc expression, which was also attenuated by LCA or LCE 
pretreatment (Fig. 2B). Real-time RT-PCR analyses clearly 
showed that T090 treatment for 12 hr increased SREBP-lc 
mRNA levels in HepG2 cells, and that increase was signifi- 
cantly suppressed by LCE treatment (Fig. 2C). A similar 
pattern of LCE inhibition was observed in the SREBP-lc 
mRNA levels in primary hepatocytes (Fig. 2D). 

The inhibition of SREBP-1 target gene expression by 
LCA or LCE treatment. SREBP-lc was initially suggested 
in nutrition to regulate lipogenic genes, such as those coding 
for FAS and ACC in the liver and adipose tissue. Because 
SREBP-lc is a major transcription factor involved in the 
nutritional regulation of lipogenesis, the effect of LCE pre- 
treatment on SREBP-1 c-activated target gene expression 
was examined. LCE treatment attenuated the ability of T090 
to induce the expression of the SREBP-lc target genes 
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Fig. 2. LCA and LCE inhibit T090-induced SREBP-1c protein and mRNA levels. (A) The effects of LCA or LCE on T0901317 (T090)-medi- 
ated SREBP-1c expression in HepG2 cells. Immunoblot analyses were performed on lysates of cells treated with LCA (upper) or LCE 
(lower) for 1 hr with subsequent treatment with 10jiM T090 for 12 hr. (B) The effects of LCA or LCE on GW3965-induced SREBP-1c 
expression in HepG2 cells. (C) Real-time RT-PCR assays. HepG2 cells were treated with T090 or vehicle in combination with LCE for 
12 hr. The transcripts of SREBP-1c genes were analyzed by real-time RT-PCR assays, with GAPDH used as a reference gene for normal- 
ization. (D) Primary mouse hepatocytes were treated with LCE in combination with T090 for 12 hr. The levels of SREBP-1c mRNA were 
analyzed by real-time RT-PCR assays. Data represent the mean ± S.E.M. of 4 separate experiments. The statistical significance of differ- 
ences between each treatment group and the control ( ## p < 0.01) or T090 alone (*p < 0.05, **p < 0.01) was determined. 
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Fig. 3. LCE inhibits T090-induced SREBP-1c target gene expres- 
sion. Immunoblot analyses were carried out using the lysates of 
cells treated with LCE for 1 hr with subsequent treatment with 
10uMT090for 12 hr. 



encoding FAS and ACC (Fig. 3). 

The inhibition of LXRa-dependent CYP7A1 gene induc- 
tion by LCA or LCE treatment To determine if LXRa 
activity was altered by LCA or LCE treatment, reporter 



gene assays employing the LXR response element were 
used. LCA or LCE treatment diminished the transcriptional 
activity of LXRa (Fig. 4). LXRa and RXRa transfection 
increased the transactivation of LXRE-luciferase activity as 
previously reported (20), and treatment with either LCA or 
LCE attenuated that LXRE-luciferase activity (Fig. 4). 
These results demonstrate that both LCA and LCE inhibit 
LXRa-mediated lipogenic gene expression via LXRa inac- 
tivation. 

The activation of the AMPK/Sirtl signaling pathway 
by LCA or LCE treatment AMPK has been reported to 
inhibit cleavage and transcriptional activation of SREBP-lc 
via direct phosphorylation (20,21). Sirtl expression and 
activity increased during fasting and resulted in deacetyla- 
tion and inhibition of SREBP-lc activity and target gene 
expression (22). Thus AMPK/Sirtl -mediated inactivation of 
SREBP-lc may offer therapeutic strategies to combat meta- 
bolic disorders, such as steatosis, insulin resistance, and ath- 
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Fig. 4. LCA and LCE inhibit LXRocVRXRoc-dependent LXRE- 
luciferase activity. LXRE-luciferase transactivation was deter- 
mined using lysates of HepG2 cells treated with LCA or LCE for 
1 2 hr after transfection of plasmids encoding for LXRoc and 
RXRoc. Data represent the mean±S.E. of 4 separate experi- 
ments. The statistical significance of differences between each 
treatment group and the control ( ## p<0.01) or T090 without 
LCA or LCE (**p < 0.01) was determined. 



erosclerosis. Therefore, the effects of LCE treatment on 
AMPK and Sirtl were assessed. The time course of AMPK 
phosphorylation in response to 10 jliM LCE (Fig. 5 A) was 
determined. Phosphorylation of AMPK increased 0.5-6 hr 
after LCE treatment. In contrast, by 12 hr of LCE treat- 
ment, AMPK phosphorylation returned to basal levels. 
Next, the time course of Sirtl expression in response to 
LCE was examined. Consistent with AMPK phosphoryla- 
tion, Sirtl expression increased after LCE treatment and 
peaked at 3-6 hr after LCE treatment. These results sug- 
gest that LCE-mediated repression of T090-induced LXRa 
target gene expression might be due to AMPK/Sirtl activa- 
tion (Fig. 5C). 

DISCUSSION 

Nonalcoholic fatty liver disease (NAFLD), an epidemic 
global health problem, is a term used to describe a wide 
range of conditions from simple steatosis to steatohepatitis 
and cirrhosis. NAFLD is associated with metabolic disor- 
ders including obesity, insulin resistance, hyperdislipidemia, 
and high blood pressure (23). The main cause of NAFLD is 
the accumulation of fat within hepatocytes, and steatosis is 
defined as fat accumulation in more than 5% of hepato- 
cytes (24). Hepatic steatosis partially manifests due to 
increased lipogenesis and reduced fatty acid b-oxidation in 
the liver. To prevent or reverse NAFLD, it is essential to 
understand the precise mechanism of lipogenesis in hepato- 
cytes. 

LXR serves as a sterol sensor and plays a pivotal role 
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Fig. 5. The LCE-induced activation of AMPK and Sirtl. (A) 
Immunoblot analysis for LCE-induced AMPK phosphorylation. 
Levels of AMPK phosphorylation were determined in cell lysates 
incubated with 10uJVI LCE for 30min to 12 hr. (B) Immunoblot 
analysis for LCE-induced Sirtl expression. Results were con- 
firmed in 3 replicate experiments. (C) Schematic diagram illus- 
trating the mechanism by which LCA and LCE inhibit LXRoc- 
mediated SREBP-1c expression and lipogenic gene expression 
via the AMPK/Sirt1 pathway. 

in regulating the expression of genes involved in hepatic 
lipogenesis. LXR can directly promote the expression of 
SREBP-lc via two LXREs in the SREBP-lc promoter 
(25), which result in the upregulation of lipogenic genes. 
The LXR agonist, T090, showed lipogenic effects through 
the transcriptional induction of genes associated with fatty 
acid synthesis, including SREBPlc, ACC, and FAS under 
certain physiological conditions (26). In the case of P-oxi- 
dation, the LXR agonist (T090) increased peroxisomal 
P-oxidation as a counterregulatory response to the hyper- 
triglyceridemia in vivo. Throughout this study, the represen- 
tative retrochalcone compounds LCA and LCE signifi- 
cantly inhibited SREBP-lc expression via LXRa inactiva- 
tion in hepatocytes, as further demonstrated by the suppres- 
sion of SREBP-lc target gene expression (e.g., FAS and 
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ACC). 

In a recent study, AMPK was shown to directly phospho- 
rylate and suppress LXRa activity (20). Other groups have 
also shown that AMPK inhibits activation and expression of 
SREBP-lc via direct phosphorylation (21). AMPK activa- 
tors, including metformin and resveratrol, have been shown 
to inhibit SREPB-lc expression and prevent the progres- 
sion of hepatic steatosis (19,27). Here, we showed that 
AMPK phosphorylation in response to LCE increased at 
0.5-6 hr (Fig. 5A). These results suggest that suppression of 
SREBP-lc and its target genes in response to LCA and 
LCE treatment could be due to AMPK-mediated LXR/ 
SREBP-lc inhibition. 

Sirtl, the mammalian ortholog of yeast Sir2, is an evolu- 
tionarily conserved NAD + -dependent protein deacetylase. It 
has been implicated in mediating the anti-aging effects of 
calorie restriction by regulating energy metabolism (28). 
Genetic or pharmacological activation of Sirtl has beneficial 
effects on aging-associated medical complications, includ- 
ing both metabolic and neurodegenerative disorders (29). 
Our results showed that LCE treatment increased Sirtl 
expression, which peaked 3-6 hr after LCE treatment. A 
recent report showed that SIRT1 enhances LXRa activity 
and target gene expression, including that of ABCA1, and 
this is accompanied by LXRa deacetylation (30). However, 
deacetylation of SREBP-lc by Sirtl decreases SREBP-lc 
activity (22). In addition, pharmacological activators of Sirtl 
inhibit SREBP-lc and its target gene expression both in 
vitro and in vivo, accompanied by decreased hepatic lipid 
and cholesterol levels (31). This discrepancy needs to be 
further studied to fully evaluate the role of Sirtl on the 
LXR-SREBP1 axis. 

Taken together, the data indicate that AMPK/SIRT1/ 
SREBP axis is an attractive therapeutic target for the treat- 
ment of NAFLD. Activated AMPK increases the cellular 
NAD + /NADH ratio through transcriptional regulation of 
nicotinamide phosphoribosyltransferase (NAMPT), an essen- 
tial co-factor for SIRT1 activity (32). Reciprocally, the acti- 
vation of Sirtl leads to the activation of AMPK. SIRT1 
deacetylates liver kinase Bl (LKB1), a representative upstream 
kinase of AMPK, facilitating the ability of LKB1 to phos- 
phorylate AMPK (17). However, further study is needed 
to fully elucidate the relationship between AMPK and 
SIRT1 and their roles in the regulation of hepatic metabolic 
process. 

In conclusion, our study demonstrated for the first time 
that both LCA and LCE attenuated LXRa-mediated lipo- 
genic gene expression by affecting LXRa-induced SREBP- 
lc expression. The LC-mediated inhibition of lipogenesis 
may be due to increased AMPK phosphorylation and Sirtl 
expression. Therefore, our study provides crucial informa- 
tion that would support the use of LCA and LCE as novel 
therapeutic candidates for the prevention or treatment of 
NAFLD and NASH. 
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